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A giant axon of Loligo pealii or Loligo vulgaris in normal sea water or sea water
containing albumin or gelatin was cooled or supercooled from room tempera-
ture to  -5° C. Under current clamp  at  a critical range  of temperatures  the
normal  response  to  a pulse  (brief or  long)  of  outward  current  was  not  ob-
tained  (the  behavior  of  the  membrane  was  approximately  ohmic).  A  long
pulse of inward  current resulted  in a hyperpolarizing  response  (Fig.  1) simi-
lar  (with  respect  to  threshold,  refractoriness,  break  response,  etc.)  to  that
obtained  (1 to  5)  at  room  temperature  with  high  concentrations  of  extra
cellular potassium.  At this critical range of temperatures, under voltage clamp
the steady-state  I-V relationship  displayed  dynatron  characteristics  (Fig.  2)
similar  to  those obtained  at higher  temperatures  in  axons  immersed  in sea
water containing  a high  concentration  of potassium (6).
At  temperatures  slightly  above  this  critical  range  the  rheobase  and  also
the  threshold  current  for short  pulses  (10  micro-sec.  up)  showed  a striking
increase  in thermal  dependence  even  though  the  capacitance  (as  measured
by  brief  pulses)  was  little  affected.  At  these  temperatures,  slightly  above
critical,  reversible  conduction  block was  observed  (even  though  under  cur-
rent-clamp  depolarizing  responses  of  appreciable  amplitude  were  elicited)
and the thermal dependence  of both the rising and the falling phase  also was
markedly  increased  (e.g.,  spike  durations  of  more than  100  msec.  were  ob-
served).  At  slightly  lower  temperatures,  but  still  not critical  for  clear  dis-
continuous  appearance  of hyperpolarizing  responses,  a depolarizing  response
was  observed,  but was graded  and  the maximal amplitude  lowered.  At  the
critical  temperature  range  for  obtaining  clear  hyperpolarizing  responses,
the membrane  resistance  was decreased  by a factor  of 2  to 5  and  the mem-
brane  potential by  15 to 35 my.
By  a proper  combination  of  a thermal  source  and  a voltage  source  it  is
possible to have practically  any point in the I-V plane as a possible operating
point, -a  fact  that  strongly  suggests  that temperature  is  a  likely  variable.
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Additional  evidence  for  this view is obtained  from two other  sources.  (a)  It
was  possible  to initiate  at a  threshold  by  a sudden  decrease  in temperature,
or  abolish at  a  threshold  by a  sudden  increase,  the  response of the  node  of
Ranvier  (7)  or  of the  squid  axon  or  of Nitella  (more  recent  observations).
Sudden  cooling  during the  plateau  either  prolonged  the  response  or  main-
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FIGURE  1.  Electrical properties of Loligo mdgaris  under current clamp. Normal sea water.
Axon diameter  560  j/.  In frames  I through  5  temperature  was decreased in  steps of ap-
proximately  0.20 C, starting at 0°C. In frames 6 through  10, temperature  -1.40C. Note
drop in membrane potential in frames  I through  5. In state of fiber in frames  6 through
10  behavior  of membrane  to  depolarizing  pulses  (not  indicated)  was  approximately
ohmic.  Note break  responses in frames  7 through  10 and  sudden appearance  of hyper-
polarizing  response  in  9.  In  10  current was  increased  and  latency  for hyperpolarizing
response  shortened. The superimposed peak pattern is not characteristic of the tempera-
ture  effect; it appears  also in normal  fibers at room  temperatures at high 80 to 200 mv
hyperpolarizations,  and does not show a threshold (it is graded).  In potassium-rich media
and low temperatures the peak pattern  appears at a threshold. The peak pattern is asso-
ciated with lowered  impedance  while the hyperpolarizing  response, with  an increase in
impedance  by a factor of 2 to 5  (as seen in simultaneous impedance measurements).  The
peak  pattern is decreased  by  an  increase in potassium  or lowering  in calcium,  and  vice
versa. The peak pattern was  only slightly affected  by alcohol and  low Na  (in sufficient
concentrations  to affect the action potential).
tained  the membrane indefinitely  in  the active  state.  (b)  The experiments  of
Hill and associates  (8, 9), showing that the response  of nerve  is  accompanied
by a heat  production  followed  by  an  absorption,  were  repeated  employing
prolonged responses.  It was shown that the interval of time between the start
of the positive and the start of the  negative heat  exchange  is the same  as the
duration of the response.  The duration of the response was varied over a wide
range.
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The author  feels that inverse  thermistors  (positive  temperature  coefficient
resistors) may be (at a phenomenological  level) reasonable  analogues of nerve
membranes.  In addition to the formal similarities  (e.g.  apparent inductance)
these systems  at high ambient temperatures do not show steady-state negative
resistance  characteristics  which they display  at lower temperatures,  however,
for  a  certain  interval  of  time  (during  which  the system  is  not in  thermal
equilibrium)  following  a  step  change  in  voltage,  the  negative  resistance
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FIGURE  2.  Steady-state  I-V relation of giant axon of Loligo vulgaris in normal sea water.
Temperature  -1.2 0 C.  Axon diameter  530  u.
characteristics are revealed. In this respect they are like the nerve membranes
at normal temperatures.
It has been found  that the effects of the critical temperature range alluded
to  above  (e.g.  on  membrane resistance, potential, rectification, and whether  the  mem-
brane is in the resting, active, or intermediate state) are  dependent  upon  the  con-
centrations  of calcium and potassium  in  the  medium,  in  fact  that  the eects
of variation of potassium, or divalent ions, or temperature are interdependent.
One  may  extend  the  previous  statement  (referring  to  temperature)  and
say that by a proper combination  of a thermal  source,  a voltage  source,  and
concentration  of calcium  and  concentration  of potassium,  any  point on the
I-V plane is an operating point. Additional evidence for  this is obtained  from
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experiments  where  the  response  of the  node  (7)  or,  more  recently,  of the
squid axon and of Nitella was initiated at a threshold by a sudden increase  in
potassium  or a sudden  decrease in calcium.  These  same ionic changes,  during
the plateau  of the response,  either prolonged  it or maintained  the membrane
indefinitely in the active state.  Sudden addition of calcium during the plateau
abolished  the  response  at  a  threshold.  Finally,  fractionation  of  the  influxes
of calcium-45  during prolonged  responses  (up to  2  minutes),  using the intra-
cellular  perfusion  technique  on giant axons,  showed a sudden increase of the
influx at the end of the spike. This may be an indication of a sudden  enrich-
ment of the  membrane with calcium.
In charged membranes,  or granular  resins,  or crystals  [sulfonic  (10),  phos-
phoric, carboxylic  (7), or silicic] exchange  of monovalent ions, such as potas-
sium  or  sodium,  with  divalent  ions,  such  as calcium  or  magnesium,  is  an
endothermic  reaction.  The  heats  of exchange  are  appreciably  greater  than
in  uni-univalent  alkaline  earth ion  exchange  reactions.  Barrer and  Falconer
(11)  have  shown that  in felspathoid  crystals  with negatively  charged  lattice
sites,  the  exchange  isotherms of mixtures  of certain  monovalents  and certain
divalents  may  be  N-shaped;  namely  for  a  given  concentration  of a  mono-
valent (or divalent) in the solution  there may be three possible concentrations
of monovalents  (or  divalents)  in the crystal.
Experimentally  (though  not  theoretically)  the  importance  of  divalent-
monovalent exchanges on the electrical properties of fixed charged membranes
is generally  recognized  so that one may interpret Barrer  and Falconers'  data
as  forming  the  basis  of both  chemical  and  thermal  triggering  of electrical
changes  in  membranes.  The  possible  relevance  of  Barrer  and  Falconers'
experiments  was pointed out a number of years  ago by U.  Franck.
Less  extensive  studies on changes  in temperature,  divalent  and  potassium
ions have been  undertaken on the node of Ranvier plant cells and  the heart.
The requisite  critical  temperatures  vary  greatly.
This study was supported  by Gruppo di Cibernetica del C. N. R.
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